We examined the "vascular waterfall" hypothesis, which proposes that coronary flow is unaffected by elevations in outflow pressure until the latter reaches a critical threshold level, in 29 isolated canine hearts. In fibrillating hearts vasodilated with adenosine or carbocromen, coronary flow and the coronary pressure-flow relation were Discussions of mechanisms underlying Pf=o have frequently included the so-called "vascular waterfall" hypothesis. Waterfall behavior implies that when venous pressure is raised, forward coronary flow remains unchanged until intravascular pressure at the site of the waterfall exceeds Pf=o. When outflow pressure is raised above this threshold value, outflow pressure should influence the back pressure to flow.
In 1978 Bellamy1 observed that the coronary artery pressure at which coronary inflow ceases (Pf=o) can be greater than 40 mm Hg; this observation rekindled interest in coronary pressureflow relations. Subsequent studies2,3 initially appeared to verify that the back pressure opposing coronary inflow exceeds right atrial pressure during prolonged diastoles and is higher when vasomotor tone is present than when the coronary bed is vasodilated. A number of studies4-11 of coronary vascular capacitance and lumped parameter models of the coronary circulation followed, prompted in large part by a concern that observed values of Pf=o represented an effect of coronary capacitance rather than a true back pressure. Support Dog coronary sinus and other veins draining into the right heart when outflow pressure is raised only in the coronary sinus.14,15 Therefore, we have studied effects of changes in venous pressure in isolated canine hearts in which such factors can be avoided and in which effects of vasomotor tone can be either abolished or accentuated pharmacologically.
Materials and Methods

Experimental Preparation
Studies were performed in 29 canine hearts isolated from mongrel dogs anesthetized with sodium pentobarbital ( Figure 1 ). The superior vena cava, inferior vena cava, azygos vein, and pulmonary artery were ligated. Total coronary venous outflow (exclusive of left-sided thebesian drainage) drained through a large-bore multihole cannula inserted into the right atrium and ventricle. The cannula was connected to an adjustable-height reservoir that allowed outflow pressure to be set at any desired level. Venous pressure in the anterior portion of the great cardiac vein (PGCV) was monitored by use of either a No. 22 angiocatheter inserted directly or a Sones catheter inserted through the coronary sinus. Left atrial and ventricular cavity pressure was maintained at a low constant level (0-5 mm Hg) using another large-bore cannula inserted into the left atrium and ventricle and connected to a second reservoir. The aorta was crossclamped just distal to the left subclavian artery. In 25 hearts, the coronary circulation was backperfused through the aorta at a controlled pressure using either a programmable "servovalve"17 or a constant pressure source. In addition, the left circumflex, left anterior descending, or left main coronary artery was cannulated directly and supplied via a branch of the coronary perfusion line, which included a gated sine wave extracorporeal electromagnetic flow probe immediately upstream from the cannula. Coronary artery pressure was measured using either a No. 22 angiocatheter inserted directly into the circumflex or anterior descending artery or a small internal metal tube extending to the tip of the left main coronary cannula. In the remaining four hearts, the controlled pressure source was omitted, and aortic pressure was monitored as the coronary arteries were back-perfused through the aorta at a constant rate of flow.
In 23 studies, the isolated heart was removed from the thoracic cavity, suspended in a saline-filled bath kept at 36-37°C, and supplied with blood from the femoral artery of a support dog anesthetized with sodium pentobarbital and ventilated with a pistontype respirator. Coronary venous drainage returned to the venous circulation of the support dog by gravitational flow from the outflow reservoir. At the completion of each study, the support dog received an overdose of sodium pentobarbital. The remaining six hearts were examined in situ on total cardiopul-monary bypass. Coronary outflow from the right heart reservoir and systemic venous return from the superior and inferior venae cavae drained to a bubble oxygenator and heat exchanger. An occlusive pump (not shown in Figure 1) Threshold values of PGCV. When the adjustableheight reservoir was used to increase right heart intracavitary pressure, PGCV was raised in sequential steps in 19 hearts in which coronary flow was monitored while holding coronary artery pressure constant and in four hearts in which aortic pressure was monitored while holding coronary flow constant. In additional studies in three vasodilated hearts, PGCV was raised during both ventricular fibrillation and prolonged diastoles induced by sudden cessation of ventricular pacing following obliteration of the atrioventricular node by formalin injection.
Effects of outflow pressure on the pressure-flow relation. Pressure-flow relations were studied at different levels of PGCV in 14 hearts. Effects of capacitance were obviated either by making steady-state measurements of flow at different levels of coronary artery pressure2,4 '15,19 or by measuring flow continuously during a constant rate of decrease and increase in coronary pressure (2-20 mm Hg/sec). 19, 20 In the latter situation, capacitive flow has been shown to be equal and opposite during the down-and up-pressure ramps in vasodilated hearts, with the resistive pressure-flow relation located midway between the down-and up-ramp data points.19 Two vasodilated hearts were studied during both ventricular fibrillation and long diastoles.
Statistics
Data are presented as mean± 1 Figure 6 . Figure 7 illustrates responses of pressure-flow relations during sequential increases in PGCV in the presence of vasopressin. When the threshold value of PGCV is exceeded, the relations again shift to the right.
Pressure-flow relations during a long diastole and ventricular fibrillation in vasodilated hearts are contrasted in Figure 8 and Table 2 . Pf=o is less during the long diastole, and the entire pressure-flow relation is shifted to the left.
Discussion Experimental Preparation
Although the isolated heart preparation is a complex one, with many variations from the normal physiological situation, it allows factors confounding Time (seconds) 5 of pressure and flow vary within the venous system.23 Because contractile activity is greater during ventricular fibrillation than diastolic arrest, a contribution of mechanical cardiac activity to waterfall behavior can be assessed by contrasting the two situations.
In constructing pressure-flow relations, it is helpful to recall that the magnitude of capacitive flow depends on the rate of change of distending pressure as well as on absolute values of capacitance. Thus, capacitive flow can be reduced to negligible levels if the rate of change of coronary arterial pressure is kept sufficiently small.1920 In nonvasodilated beds, one must consider potential effects of autoregulation and/or ischemia as well as capacitance. Because of the low oxygen requirements of the isolated heart, metabolic influences are substantially less than in the normally working heart,22 particularly if coronary flow is not reduced to extremely low levels. Metabolic^6 hearts rose from 6 to 16 mm Hg when right heart pressure was raised in a single step from 0 to 14 mm Hg (with left ventricular cavity pressure kept at 0 mm Hg). These findings are also compatible with waterfall behavior, in this case with a threshold outflow pressure less than 14 mm Hg.
As noted earlier, the interpretation of previous measurements of Pf=o in beds in which vasomotor tone is operative has been complicated by potentially confounding effects of coronary autoregulation. In the present studies, the systematically higher values of threshold PGCV and Pf=o in constricted beds and the larger difference between Pf=o and the threshold level of PGCV in constricted beds indicate a tone-dependent component of coronary back pressure during forward flow. This finding is compatible with the suggestion of Permutt and Riley28 in their classical studies of pulmonary waterfall behavior. It seems reasonable that tone-dependent changes in back pressure are part of the normal autoregulatory process.3 Since vasopressin is known to have a particular constrictor effect on smaller arterioles,'1829 one could speculate that pressure within the myocardium is regulated at the level of these vessels. It is also of interest that autoregulatory changes in coronary arteriolar caliber in intact animals appear primarily to involve arterioles less than 100 ,um in diameter. 30 In their 1980 study, Bellamy and colleagues14 suggested a "modified" rather than "traditional" waterfall because of a failure to demonstrate a level of coronary sinus pressure below which changes did not affect coronary pressure-flow relations. The modified waterfall was postulated to be influenced by extravascular forces as well as vasomotor tone, with increasing perivascular compression as venous channels became engorged. These conclusions were based on pressure-flow relations constructed from measurements of aortic pressure and left circumflex inflow during long diastoles before and during transient coronary sinus occlusion, both at rest and at peak reactive hyperemia. In retrospect, elevations in venous pressure must have been heterogeneous because of interconnections between the coronary sinus and other venous channels draining into the right heart. In addition, the partitioning of venous drainage between the coronary sinus and these other channels probably changed as coronary sinus pressure was elevated. Capacitive effects were not evaluated directly, and a steady state was probably not achieved during transient coronary sinus occlusion (particularly at peak reactive hyperemia).
The present findings indicate a traditional rather than modified waterfall, because coronary flow and pressure-flow relations appear to be unaffected by 
